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Abstract 

We apply grazing-incidence femtosecond x-ray diffraction to investigate the details of the atomic 
motion connected with a displacively excited coherent optical phonon. We concentrate on the low 
frequency phonon associated with the charge and orbital order in the mixed valence manganite 
Lao.25Pro.375Cao.375Mn03 for T < 210 K. We measure the response of three superlattice reflections 
that feature different sensitivities to the motion of the unit cell constituents. The results support the 
assignment to a translational mode of the Mn 4+ atoms together with the oxygen atoms connecting 
adjacent Mn 4+ sites. 
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I. INTRODUCTION 

Correlated materials are known for their intricate balance of competing structural, mag- 
netic as well as charge interactions and have been extensively studied over the past decades. 
Most studies focus on macroscopic properties in thermodynamic equilibrium as a function of 
external parameters such as temperature, chemical composition, magnetic or electric field. 
More recently time resolved experimental techniques have been applied to these systems 
with the goal to advance our understanding of the underlying correlations by investigating 
the interaction of the atomic, electronic and magnetic subsystems on their relevant time 
scalesP^ In particular femtosecond x-ray or electron diffraction received considerable atten- 
tion enabling direct access to the time resolved atomic and electronic structure.™^ 

One of the strengths of diffraction techniques is the ability to fully determine the crys- 
tallographic unit cell by measuring a sufficient number of Bragg reflections. Consequently, 
this stimulated efforts to use time-resolved diffraction techniques to make movies of the 
atomic lattices in response to a selective fast perturbation of the system. This has been 
demonstrated in the picosecond regime applying Laue crystallography to a large biological 
molecule where a single diffraction image contains more than 3000 spots and thus holds a 
tremendous amount of information of the unit cell electron density.^ For solid materials, 
however, the natural time scale of atomic motion is determined by the the period of optical 
phonons that typically lie in the range of 50 - 500 fs. Large bandwidth, so-called 'white' 
x-ray sources with sufficient flux as required for Laue crystallography are currently not avail- 
able for femtosecond studies. Consequently, the complete reconstruction of the structural 
motion requires the measurement of numerous individual Bragg reflections obtained under 
identical excitation conditions. The feasibility to produce an atomic movie in the femtosec- 
ond time scale has been recently demonstrated in photo-excited tellurium. 12 Because the 
number of reflections required scales linearly with the number of atoms within the unit cell, 
unambiguous reconstruction becomes a challenge for more complex structures. 

Doped manganite oxides of the general form Ri_ x A x Mn03, which are transition metal 
oxides with a perovskite-type structure, exhibit extremely rich phase diagrams due to the 
subtle balance between charge, orbital, spin and structural degrees of freedom. Here, R is a 
rare earth 3+ cation and A is a 2+/1+ cation as the alkaline ions Ca, Na, Sr. In the doping 
region where these manganites exhibit colossal magnetoresistance it has been shown that 



sufficiently intense ultrashort optical pulses are able to induce an ultrafast metal-to-insulator 
transition in Pr .7Cao.3Mn03.^ We have recently shown using time resolved x-ray diffraction 
that laser-induced melting of the charge and orbital order is accompanied by a symmetry 
change of the atomic lattice occurring on a non-thermal time scale in Lao^Cao.ssMnOs and 
Lao.25Pro,375Cao,375Mn03. 1 13 1 14 1 This extremely fast structural transition is driven by the im- 
mediate release of the Jahn- Teller distortions of the Mn 3+ 06 octahedra that are intrinsically 
connected with the charge and orbital order (CO/OO). 

Here, we use time resolved x-ray diffraction to identify the atomic motion connected with 
the low frequency coherent optical phonon of A g symmetry prominently observed when 
exciting manganites in the CO/OO phase P^"^ Although it is not yet possible to create an 
atomic movie on such a complex system we will show that using a careful choice of reflections 
combined with structure factor calculations allow drawing conclusions about the underlying 
atomic motions. 

II. EXPERIMENT 

The single crystal of Lao.25Pro.375Cao.375Mn03 (LPCMO) was grown in an optical floating- 
zone furnace 18 and cut and polished to a (010) surface orientation labeled according to 
the room temperature unit cell notation in Pbnm symmetry.^ The time resolved x-ray 
diffraction experiments were performed at the hard x-ray FEMTO slicing facility at the 
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FIG. 1: Temporal evolution of the normalized diffracted x-ray intensity for the three superlattice 
reflections (2 - 3 /2 0), (2 1/2 0) and (1 1 /2 0) at an average excitation fluence -Favg = 1-6 mJ/cm 2 . 
The solid lines are fits obtained by a simple displacive excitation model (blue) and an extended 
two-step displacive excitation model (red), respectively. 



Swiss Light Source.®' In order to minimize fluorescence the experiments were performed 
with an x-ray energy of 5.0 keV which lies below the Mn K and Pr L edges. Details of the 
experimental grazing incidence setup are described elsewhere) 14 * 20 * The sample was placed on 
a cryogenically cooled copper block thermally stabilized to a temperature of 150 K located 
on a hexapod sample manipulator in a vacuum chamber. The LPCMO crystal is excited via 
a weakly focused 100 fs laser pulse with A = 800 nm and p-polarization. The pump ffuence 
was set to F — 3.9 mJ/cm 2 . A grazing incidence angle of 0.85° leads to an x-ray intensity 
attenuation length z x = 90 ± 10 nm. Using the laser penetration depth z-^ = 65 ± 5 nm the 
average excitation ffuence lies well below the phase transition ffuence F t ^ « 10 mJ/cm 2 at 
150 KP^The temporal resolution of 200±20 fs (FWHM) and the coincidence time to between 
the optical pump and x-ray probe pulses were determined by measuring the ultrafast drop 
of a superlattice peak at high ffuence P^ 4 ^ 

III. RESULTS AND DISCUSSION 

Figure [T] shows the photoinduced response of the diffracted x-ray intensity for three 
different superlattice peaks (2 -3/2 0), (2 1/2 0) and (1 1/2 0). At 150 K LPCMO is an antifer- 
romagnetic insulator exhibiting charge and orbital order. Because the structural distortions 
from the Jahn- Teller effect are relatively small, the resulting superlattice reflections are very 
weak yielding roughly 14 diffracted photons per second (ph/s) for the (2 - 3 /2 0), reflection, 
9 ph/s for (2 l J2 0) and 0.2 ph/s for (1 X J2 0). Thus integration times up to 24 hours are 
needed for a sufficient signal to noise ratio. Nonetheless, as shown in Fig. [T] a laser-induced 
phonon with a frequency of approximately 2.5 THz is clearly visible. For all three reflections 
we observe the typical signature of a coherent phonon excited via the displacive excitation 
mechanism: a fast change of diffraction intensity followed by coherent oscillations P 

In an oxygen isotope Raman study an A g symmetry optical phonon in the frequency range 
of 2-2.5 THz observed in Ri_ x A x MnQ3 has been assigned to the motion of the R/A cations.^ 
Consequently, the observed oscillations in time resolved studies in this frequency range 
have been ascribed to this motion M 3 * 15 * 16 * However, our recent detailed optical pump-probe 
data indicate that the phonon must instead be connected with the motion of the Mn 4+ Og 
sites. ^ In the following we will apply a simple model of displacive excitation to clarify this 
assignment. The main atomic motions involved when heating from the ordered state at low 
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FIG. 2: Calculated normalized diffraction intensity and their visualization for three different atomic 
displacements: (a) motion of the La/Pr/Ca sublattice, (b) motion of all the Mn + and oxygen 
atoms and (c) the Jahn-Teller mode, that is solely motion of the oxygen occupying the distorted 
octahedra around the Mn 3+ ions. The gray bar represents the estimated average excitation strength 
of 7/ = 0.16. 

temperatures to the room temperature structure involve the translational motions of the 
Mn 4+ 06 sites and the R/A ions, both along the x direction.™ In a first step we compare 
the isolated influence of both of these motions with respect to the measured diffracted x- 
ray intensity. In a second step we will refine this model in order to describe the measured 
transients more accurately. 

A. Simple displacive excitation model 



Here, we assume a simple displacive mechanism involving the motion along a single 
structural coordinated For sufficiently small displacements the normalized diffracted x-ray 
transients of the superlattice peaks for times t > can be approximated by 

I(t) 



h 



1 + A 



disp 



cos(2tc ft) e 



(1) 



where A^ sp is the reduction in diffraction intensity due to the total displacement after 
approximately 1.5 ps, / the phonon frequency, and r its lifetime. Equation [T] is valid 
only in the limit of small excitation fluences where the diffraction intensity changes nearly 
linear with the induced displacement. The use of this approximation holds the advantage 
that the phonon amplitudes and frequencies can be extracted without prior assumption of 
the underlying atomic motion. In a rigorous treatment the structure factor calculations 



as discussed in the following must be included. Since we study the response of the same 
coherent optical phonon experienced by different reflections we use Eqn. [I] to fit the three 
transients simultaneously to determine its frequency and lifetime more accurately. The 
temporal resolution of the experiment is taken into account by displacement with a Gaussian 
of 200 fs (FWHM). The resulting fitted curves are plotted in Fig. [lias solid blue lines. The 
fit yields / = 2.51(4) THz and r = 0.55(6) ps. The values obtained for A^isp are summarized 
in Table [H 

In order to test several scenarios for the phonon assignment we now perform structure 
factor intensity calculations. Due to the weak diffraction peaks measured a kinematic ap- 
proximation is justified and results in 
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with the vector G = hbi + kh 2 + Zb 3 defined via the reciprocal space vectors b 1; b 2 and b 3 
and the real space vectors Tj = xsl\ + ya 2 + zsl 3 composed of the three lattice vectors a 1; a 2 
and a 3 . The atomic form factors fj are based on the tabulated Cromer-Mann coefficients®^ 
and the real and imaginary part of the dispersion correction.^ The calculations take into 
account the differences between Mn 3+ and Mn 4+ ions. Using the x-ray and laser attenuation 
lengths and accounting for the excitation gradient in the sample we estimate an average 
excitation fluence in the probed volume of _F avg ps 1.6 mJ/cm . For the different peaks we 
now calculate the changes in diffraction intensity from 
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yielding A disp = j hkl /j^ kl _ 1 with the excitation strength r\ = F avg /F t h ~ 0.16 (rj = 
1 corresponding to the phase transition) and the structural shift Arv,- = r^ T — r°. The 
superscript RT denotes the atomic positions of the Pbnm structure at room temperature, and 
the superscript describes the atomic positions of the low temperature CO/OO structure. 
We use the room temperature structure and the constrained P2\/m structure at 20 K of 
La .5Cao.5Mn03^which is expected to yield a good match for the superlattice reflections of 
our sample. With Eqn. [3] at hand we calculate the changes in diffraction strength assuming 
that only specific atoms have moved. It is reasonable to assume that the atoms move along 
the same directions as they do during the phase transition. 
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-0.20(1) 


-0.11 


-0.20 


-0.3 


(21/2 0) 


-0.24(1) 


-0.19 


-0.12 


-0.3 


(11/2 0) 


-0.28(2) 


+0.30 


-0.53 
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TABLE I: Relative intensity changes of the Bragg reflections obtained from the experiment and 
the different model calculations which attribute the phonon motion to either the R/A ions, all the 
Mn 4+ and O atoms, and to all atoms involved at an excitation strength of r] = 0.16. 

Figure [2] shows three examples of calculated diffraction intensity changes. Figure [2Fa) 
shows the outcome when shifting only the R/A sites, that is the La/Pr/Ca ions. Please note 
that the very weak (1 1 /2 0) reflection should significantly increase upon laser excitation for 
this motion, which is clearly not observed in the experiment. Figure W[h) takes into account 
the motion of all all Mn 4+ and oxygen atoms and Fig. ^[c) assumes only motion of the 
oxygen octahedra surrounding the Mn 3+ ions releasing the Jahn- Teller distortion to a more 
symmetric configuration and is accordingly labeled as the Jahn- Teller stretching mode. 

The calculated relative changes of the Bragg intensity for specific atom movements at an 
estimated excitation strength of r] = 0.16 for the three measured reflections are summarized 
in Table tfj The opposite sign in the calculated response of the (1 1 /2 0) reflection excludes 
the previous assignment of the phonon to the isolated motion of the R/A sites.^ The small 
contribution calculated for an isolated Jahn- Teller motion [see Fig. [21(c)] in addition with its 
opposite sign and the much higher frequencies assigned to these modes^^ also eliminates 
it as source for the measured low frequency phonon. The comparison of the calculated and 
experimental values for the intensity changes strongly indicates that the phonon includes 
the motion of the Mn 4+ atoms and a subset of the surrounding oxygen atoms. At this point, 
we cannot rule out the possibility that the phonon could include both the motion of Mn 4+ 06 
and the R/A atoms. 

This simple displacive model allowed the exclusion of certain atomic motions attributed 
to the observed low frequency phonon. However, optical pump probe measurements showed 
that the initial physical processes in laser excited manganites happen on a significantly 
faster time scaleP^Sl Taking this into account we analyze our data with a refined two-step 



displacive excitation model in order to draw more precise conclusions concerning the atomic 
motion involved. 

B. Two-step displacive excitation model 

The instant destruction of the CO/OO caused by photo-induced hot carriers triggers 
the immediate release of the Jahn- Teller distortion at the Mn 3+ sites-^EESl The displace- 
ment of the Mn 4+ sites can therefore not be the primary motion. Indeed high frequency 
coherent oscillations of displacive character assigned to the Jahn- Teller mode have been ob- 
served by optical pump-probe experiments performed with very high time resolution with 
additional oscillations at intermediate frequencies assigned to the rotational modes of the 
oxygen octahedra] 16 * 26 * Even though the atomic motions of the oxygens associated with the 
Jahn- Teller mode are small the corresponding change of Bragg intensity can be significant 
[see Fig. p[c)] . These initial displacements of the oxygen atoms are significantly faster than 
our experimental time resolution and subsequently launch the secondary displacement excit- 
ing the coherent optical phonon in our experiment. Due to the limited time resolution and 
the large damping of these fast modes we simply account for the high frequency components 
by introducing an initial fast displacement to our model that transforms Eqn. [T] for times 
t > into 

-P « 1 + A fast + A ph \l - cos(2tt ft) e--l (4) 

l i J 

with Af as t being the reduction of the diffraction intensity due to this initial fast displacement 

and Aph the phonon amplitude. The fits using Eqn. [4] are represented by the solid red lines 

in Fig. [I] The phonon frequency and lifetime are evaluated to / = 2.50(4) THz and r 

= 0.53(8) ps and the fitting values for Af ast and A p ^ are summarized in Table IITJ In the 

following we focus on the most likely scenarios of the atomic motion associated with the 

observed dynamics. Table |TT] gives an overview of the measured and calculated magnitudes 

for the parameters Af ast and A v ^ for the following scenarios. 

Scenario 1, visualized on the left side in Fig. |3j is based upon the Jahn- Teller stretching 

mode as a fast step, that is a partially lifted Jahn- Teller distortion of the Mn 3+ Og octahedra 

after the excitation, inducing the motion of the equatorial oxygen atoms near the Mn 3+ 

sites. This shift results in a more symmetric configuration of the Mn 3+ 06 octahedra but 

distorts the octahedral oxygen cage around the Mn 4+ sites. The latter is compensated by 
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Experiment Scenario 1 Scenario 2 Scenario 3 Scenario 4 

(h K i) ^4fast ^.ph -Afast ^ph -Afast ^ph -Afast ^4ph -Afast ^ph 

(2 -3/ 2 0) -0.06(3) -0.14(3) -0.04 -0.15 -0.05 -0.15 -0.04 -0.26 -0.05 -0.25 

(21/2 0) 0.10(4) -0.34(4) 0.12 -0.24 0.22 -0.35 0.12 -0.42 0.22 -0.52 

(11/2 0) 0.12(12) -0.40(10) 0.01 -0.54 -0.08 -0.45 0.01 -0.31 -0.08 -0.22 



TABLE II: Comparison of the experimentally determined and calculated parameters Af ast and 
A p h for the three measured superlattice peaks (2 -3/2 0), (2 1/2 0) and (1 1/2 0). Scenarios 1 and 2 
fit the experimental data the best. See text for definitions of the different scenarios. 

a secondary displacement including the rotation of the equatorial Mn 3+ oxygens in the xy 
plane and the motion of the Mn 4+ atoms with their apex oxygens along x. It would be this 
second displacement that launches the observed coherent phonon. This is feasible as long as 
the initial displacement occurs on a time scale significantly faster than the phonon period 
1/f = 400 fs. 

Scenario 2 combines the lifting of the Jahn- Teller distortion and the equatorial rotation of 
the Mn 3+ oxygens in the xy plane in the first step. Accordingly, the displacement connected 
with the coherent phonon is in this case solely the motion of the Mn 4+ atoms with their 
apex oxygens in the x direction as shown on the right side in Fig. |3j 

Additionally, in scenario 3 and 4 the parameter A p ^ is evaluated for the assumption that 
the phonon is ascribed to both the motion of the Mn 4+ C>6 and the R/A atoms. That is, 
scenario 3 is based on A{ ast of scenario 1, scenario 4 on scenario 2. Since none of the predicted 
phonon amplitudes for scenario 3 and 4 lie within the errors of the experimental data we can 
discard them. This supports the assignment of the R/A motion to the slower component 
observed during the phase transition at high optical fluencesJ 13 * 14 ! 

The limited time resolution in our experiments and the restricted accuracy of the pre- 
dicted intensity changes prevents us from unambiguously choosing between scenario 1 and 
2. However, optical pump-probe reflectivity measurements with very high time resolution 
identified oscillations of displacive origin in the range of 6-14 THz (220-470 cm" 1 ]^ that 
correspond to the frequencies of the Jahn- Teller and rotational modes of the oxygen octahe- 
dra in good agreement with a Raman study. 2 - These findings are strongly in favor of scenario 
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FIG. 3: Visualization of the involved atomic motion for the two most likely scenarios. 

2. Consequently we conclude that the main atomic motion related to the low frequency 1.8- 
2.5 THz (60-80 cm^ 1 ) coherent optical phonon observed in laser excited manganites is most 
probably due to a displacement in the crystal x direction of the Mn 4+ atoms together with 
their apex oxygens that bridge neighboring Mn 4+ sites. 

IV. CONCLUSIONS 

In summary, we performed time resolved hard x-ray diffraction measurements on a laser 
excited LPCMO single crystal. The responses of three superlattice reflections selected with 
respect to the excited coherent optical A g phonon associated with the charge and orbital 
order are investigated. In order to establish the involved atomic motion structure factor 
calculations are performed for different atomic displacements of the unit cell constituents. 
Comparison of the calculated intensity changes and the experimental results exclude the 
assignment of the phonon to the La/Ca/Pr sublattice. These results support the assignment 
of the observed coherent optical phonon to the Mn 4+ 06 motion as suggested previously. The 
measured transients strongly favor a two step model. The fast step comprises the release of 
the Jahn- Teller distortion at the Mn 3+ sites as well as the rotational motion of the oxygen 
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octahedra. This induces a secondary displacement involving the motion of the Mn 4+ sites 
with their apex oxygens triggering the observed low frequency optical phonon. 

The main limitations in full structural reconstructions to date are time resolution and flux 
which restricted our investigations to the brightest superlattice peaks. With the advances 
of x-ray free electron laser sources it will become feasible not only to study a larger number 
of reflections more efficiently but also to measure weaker reflections. In addition, with the 
current efforts to overcome the timing jitter problem^ these facilities will permit resolving 
the fast motion components. In order to fully resolve these dynamics more accurate structure 
determinations for the exact doping concentration of the analyzed material will also be a 
crucial ingredient. Finally, our study shows, that despite the low flux at a synchrotron slicing 
source we are able to clarify the dynamics of a specific phonon in a complex manganite system 
by investigating a set of carefully chosen reflections. 
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